Dramatic advances are in the horizon resulting from rapid pace of development of several technologies, including, computing, communication, mobile, robotic, and interactive technologies. These advances, along with the trend towards convergence of traditional engineering disciplines with physical, life and other science disciplines will result in the development of new interdisciplinary fields, as well as in new paradigms for engineering practice in the coming intelligence/convergence era (post-information age). The interdisciplinary fields include Cyber Engineering, Living Systems Engineering, Biomechatronics/Robotics Engineering, Knowledge Engineering, Emergent/Complexity Engineering, and Multiscale Systems engineering. The paper identifies some of the characteristics of the intelligence/convergence era, gives broad definition of convergence, describes some of the emerging interdisciplinary fields, and lists some of the academic and other organizations working in these disciplines. The need is described for establishing a Hierarchical Cyber-Physical Ecosystem for facilitating interdisciplinary collaborations, and accelerating development of skilled workforce in the new fields. The major components of the ecosystem are listed. The new interdisciplinary fields will yield critical advances in engineering practice, and help in addressing future challenges in broad array of sectors, from manufacturing to energy, transportation, climate, and healthcare. They will also enable building large future complex adaptive systems-of-systems, such as intelligent multimodal transportation systems, optimized multi-energy systems, intelligent disaster prevention systems, and smart cities.
Introduction
Since the beginning of this century there has been an exponential pace of technology development; an accelerated trend towards breaking the boundaries between technologies; as well as of linking devices, tools, facilities and people in an unprecedented way. Also, increasing work has been directed towards the convergence of new tech- * E-mail: aknoor@odu.edu nologies with the science of complex adaptive systems. The drivers of these activities included the complexities of some of the large projects and systems that engineers are involved in, the need for having new technologies, as well as a holistic perspective and an integrated, interdisciplinary view to address them.
In the past two decades we have seen a plethora of studies, reports, and books that articulate the shortcomings of engineering curricula and the need, among other things, to promote interdisciplinary learning in engineering programs (see, for example [1] [2] [3] ). A number of attempts have been made to address this need by creating interdisciplinary degrees, minor programs, or industry sponsored projects as supplements to the formal curriculum. However, these attempts were not adequate to meet the needs of future complex systems. The highly interdisciplinary nature of new technologies, coupled with the nonlinear flow of knowledge between fundamental research and engineering applications, demand the expansion of current interdisciplinary fields, and the creation of new fields, to provide far broader skills for the engineering workforce than simply the mastery of traditional and current interdisciplinary fields. The new interdisciplinary fields should promote innovation and creativity in engineering design, and support the increasing role of engineering in all aspects of human life. The present paper identifies some of the characteristics of the intelligence era (the post-information age); lists some of the emerging interdisciplinary fields; and describes the need for establishing a hierarchical cyber-physical ecosystem for facilitating interdisciplinary collaborations, and accelerating development of skilled workforce in the new fields.
Brief overview of the characteristics of the coming intelligence/convergence era 2.1. Ambient intelligence environment
The European Information Society Technology Advisory Group (ISTAG) introduced their vision of an Ambient Intelligence Environment in 2001, based on the convergence of ubiquitous computing, communication, and intelligent user-friendly interfaces (see for example: [4, 5] ). A nearterm extension/update of that vision, is to have people living and working in a digital environment, surrounded by intelligent tools, intercommunicating devices, and robotic networks, which are seamlessly integrated, and embedded into, the environment and beam information to each other. All the facilities will be sensitive and responsive to the people, and anticipatory to their behavior. They can react intelligently to the users' gestures, actions and contexts (see for example: [6, 7] ). A longer term vision is that of an intelligence/convergence era [8] , the post-information age, with the fusion of cyber engineering, human-space computing (integrated mobile, communication, collaboration, networking and artificial intelligence technologies), and a complex intellectual landscape with much higher levels of automation. In that era, the general pace of digital lifestyle will accelerate, and novel forms of interaction with the environment will be widely available (including, smart mobile devices, brainbased and neural interfaces, bio-inspired, adaptable, adaptive, and multimodal interfaces). Engineers will be required to perform increasingly complex and imaginative tasks of synthesis and creativity, and the boundaries of human values will be significantly pushed further.
Convergence of technologies and devices
Convergence of technologies/devices refers to the blending or integration of previously separate technologies/devices into a unified whole that creates a host of new pathways and opportunities. The power of convergence of technologies can be appreciated by recognizing that the information age resulted from the convergence of computing and communication technologies. In the late 20 th century digital convergence made it possible for media organizations (or individuals) to deliver text, audio, and video material over the same wired, wireless, or fiber-optic connections. At the same time, it inspired some media organizations to explore multimedia delivery of information.
Since the beginning of the twenty-first century, the National Science Foundation, the Department of Commerce, and other organizations in the US have been promoting converging technologies for improving human performance, including Nanotechnology, Biotechnology, Information technology and Cognitive technology (NBIC) (see for example [9, 10] ). Among the application areas of NBIC convergence (at the nanoscale) are neuro/brain enhancement, physical enhancement (biomechatronics), novel human-technology interaction facilities, and intelligent robotics/software devices.
Other examples of technology convergence include:
• The NSF Cyberinfrastructure is a collaborative research environment resulting from the convergence of the internet with microchip technologies, digital databases, visualization and other technologies (see for example [11] ).
• Cyber-physical systems (CPS) are systems featuring convergence of (or tight integration, and coordination between) the cyber and physical components, at all scales and levels (see for example [12] ). The CPS applications include smart adaptive aerospace and automotive vehicles, civil infrastructure, energy efficient buildings, integrated medical systems, healthcare and transportation. For example, some of the aerospace systems evolve, operate with greater autonomy and intelligence, and are part of a networked system of systems.
• Telepresence, which enables the feeling of being present at other than the true location, is a result of convergence of computing with broadband networks. The addition of holographic imaging and virtual reality, can give the participants a three-dimensional experience of being in the same room.
• Cloud-mobile convergence paradigm, based on using the broadband connectivity of mobile devices for seamless access of the virtual environment computing and content storage clouds, can provide better immersion and interaction experience for the Virtual reality users in a pervasive context (see [13] ).
• Convergence of mobile augmented-reality technologies and applications enable museums to extend their relationship with visitors beyond physical boundaries to engage them further in discoverybased learning.
Today, we are surrounded by a multi-level convergent media world where all modes of communication and information are continually reforming to adapt to the enduring demands of technologies, "changing the way we create, consume, learn and interact with each other".
Convergence of disciplines
A number of definitions of convergence of disciplines have been proposed, including one by a team of 12 leading researchers at MIT in a forum hosted by the American Association for the Advancement of Science (AAAS) in 2011 [14] . A modification of that definition is proposed subsequently:
The merging of distinct disciplines into a unified whole that creates a host of new pathways and opportunities. It involves the coming together of different engineering, physical and life sciences, and other fields of studythrough collaboration among disparate groups, and the integration of their approaches that were originally viewed as distinct and potentially contradictory.
Although convergence is the result of true intellectual cross-pollination, it is more than simply bringing together experts in two or more disciplines to exchange insights (see Appendix A). It is also more than interdisciplinary mash-up. Convergence of disciplines, as used herein, refers to true disciplinary integration. Examples include Synthetic biology, resulting from the convergence of systems and molecular biology, engineering science, chemistry, physics, and computer science. Diverse applications of this field include biomaterials, biosensors, biofuels, biomedical products and new drugs, and bioremediation. Other examples include tissue engineering, and cyber-physical systems (covering different aspects of using cyberspace to link physical world information, applications and services to communities).
Convergence carries consequences on how the next generation of engineers and scientific researchers will be trained.
Examples of emerging interdisciplinary fields
Interdisciplinary university programs have been around for decades. Many served to funnel undecided students toward specific departments. The complexities of some of the recent and future engineering systems go beyond the boundaries of the disciplines that conceived their components. There is a growing need for engineering graduates who would be able to understand engineering problems in a larger context. Opportunities exist for creating synergies in order to respond to the inadequacies of current disciplines.
Current interdisciplinary engineering fields need to expand, and in some cases to evolve, in order to match the accelerated pace of convergence of technologies, and to address the needs of future complex systems and projects.
Examples of some of the emerging and future interdisciplinary fields needed for meeting future challenges, and the realization of future complex systems, are given subsequently. Some of the component disciplines and technologies serve multiple interdisciplinary fields.
Cyber engineering
Is the convergence of computer engineering with telecommunications, information management, embedded software engineering, vulnerability analysis, and Decision Making. It deals with the integration of the physical layers (devices and sensors) with communication layers (communication networks, computational intelligence, and decision/control) to insure the security, and to optimize the performance of distributed integrated engineering systems. The need for this field can be appreciated by both the vulnerability of the national security to threats from cyberspace, and the fact that the cost of the onboard computers and software of some of the modern aerospace systems, like 787 aircraft, is about 50% of the total cost (see for example [15] 
Engineering of societal systems
This new interdisciplinary field deals with the interactions between societal, natural, and infrastructure systems. It provides a holistic approach to emerging and future societal systems, including smart power grids, intelligent transportation networks, emergency response systems, and smart cities. These are highly complex interdependent global challenges that require transinstitutional multidisciplinary solutions. Resiliency of the overall system, in the sense of being able to handle surprises and disruptions as they arise, must be a major consideration in the design and operation of societal systems (see for example [16] ). The field is the result of convergence of a number of disciplines including systems engineering, environmental engineering, information/knowledge/Quality/Operations management, sustainability development and management, telecommunications and networking.
Living Systems Engineering
This interdisciplinary field deals with the fundamental principles governing the organization and behavior of dynamic interacting biological systems at wide variety of scales. The field is concerned with: 1) the application of engineering principles to: a) better understand how complex integrated biological and physiological systems work, behave and interact and b) develop novel effective diagnostics, therapeutics, and devices that can benefit human health, and society in general and 2) bio-inspired engineering (understanding how nature solves problems, and how to translate biological knowledge into engineering practice) in order to expand the design space of possible engineering solutions to technical problems (see for example [17] ). The field is an outgrowth, and an expansion, of the two interdisciplinary fields Bioengineering and Biomedical engineering (see for example [18, 19] ). It incorporates the two fields, along with others like bioinformatics, bioinstrumentation, systems biology, intentional biology, and nanobiology (see Figure 1 ). Future expansion of this field will result from its convergence with a number of other fields (including, tissue engineering, neural engineering, reverse engineering of the brain, and cognitive engineering).
Living systems engineering is envisioned by the National Institute of Biomedical Imaging and Bioengineering (NIBIB) to be essential for realizing the vision of patientcentric, widely accessible, molecular medicine that is more personalized. The new field has the potential of significantly enhancing the understanding and treatment of dis- 
Biomechatronics and Cognitive Systems Engineering
In the past decade, mechatronics resulted from the convergence of mechanics and electronics, computers and controls and manufacturing (see for example [20] ). However, a number of other disciplines have recently been integrated with it in order to improve and/or optimize the products using mechanical and electronic components (such as robotics). Among the new advances in robotics are intelligent, lifelike, cognitive robotics, bio-inspired, neurorobotics (fusion of neuroscience, neurotechnology and robotics), networked autonomous vehicles, and self-optimizing production systems (see for example [21] ).
The new interdisciplinary field of biomechatronics uses the profound understanding of how biological systems work, behave and interact for two main objectives: a) to guide the design and fabrication of novel, high performance bioinspired systems, and b) to develop nano-, micro-, and macro-devices that can assist humans in prevention, diagnosis, prosthetics, rehabilitation, and personal assistance. The field integrates software engineering, control engineering, systems design engineering, and bio/cognitive engineering disciplines (see for example [22] [23] [24] 
Emergent/complexity engineering
This new interdisciplinary field provides a framework for addressing future complex systems and projects. One of its main objectives is to produce robust complex systems, operating in uncertain environments, and capable of adaptation and change.
The field is a result of the convergence of complexity theory and science with such disciplines as systems engineering, dynamical systems and control, statistical mechanics, cyber engineering (dealing with the integration of devices and sensors with communication networks), computational intelligence, and biology (self-organization in morphogenesis and evolution). Emergent engineering provides a new approach which enables the system to grow, function and stabilize, adapt and improve, in a bottom-up fashion. This is achieved through designing the individual components, and their interactions, in a manner that can lead to a desired global response. The result will be to replace the classical concepts of engineering design and systems control by the concepts of developmental emergence, adaptation and evolvability found in natural systems (see for example [25] [26] [27] 
Knowledge engineering
This is a result of convergence of artificial intelligence (including concepts such as distributed intelligence, automation, self-healing networks, and information exchange) with software engineering, intelligent systems, mathematical logic, visual analytics and cognitive science (see [28] ). Although this field has been in existence since the latter part of the twentieth century, there has been a change in emphases and several new applications in recent years (see for example [29] 
Multiscale systems engineering
The goal of Multiscale Systems engineering is to provide ways of integrating models of phenomena occurring at different scales, and to enable a holistic understanding of the component interactions at these scales. The field enables the understanding of systems that possess measurable characteristics at multiple scale. The characteristics can be exhibited in multiple spatial or time scales. Multiscale systems engineering covers the breadth of engineering activities from the quantum scale to the megascale (see Figure 2 ). At one end of the spectrum, Quantum engineering systems are systems designed under quantum constraints. These include systems that can achieve:
• noise levels at or near the quantum and thermodynamic limits,
• switching speeds at or near the relativistic and causal limits,
• physical size at or near the atomic limit and • signal processing efficiency at or near the information theory limit.
At the other end of the spectrum are megasystems, which are addressed in three critical dimensions: engineering processes, management processes, and the larger context in which these systems are developed and deployed (see for example [30] ). Applications include transportation, energy, national and homeland security, and lightweight infrastructure.
Hierarchical Cyber-Physical Ecosystem for interdisciplinary fields
A holistic perspective and a comprehensive strategy are needed to put engineering activities on an ambitious trajectory that pushes the frontiers of innovation, discovery and economic development. A step towards the implementation of the comprehensive strategy is the development of Hierarchical Intelligent Cyber-Physical Engineering Ecosystems to advance collaboration among engineering researchers, scientists and other stakeholders working on the development and applications of new interdisciplinary fields.
The ecosystems will consist of large numbers of distributed interacting components that are continually updated and expanded. They include cyber collaboration and collective intelligence facilities, blended physical and immersive virtual world platforms and virtual environments, large databases, portals and other learning facilities, networked smart devices, telepresence and cognitive robots (with high-level reasoning, planning, and decision making capabilities), and novel interaction technologies. A hierarchical architecture is used through which the components and facilities can be linked in different ways to support researchers in various interdisciplinary fields. The first level in the hierarchy includes all the tools and facilities that support the component disciplines and technologies. The succeeding levels consist of the linked tools and facilities that support interdisciplinary fields. The ecosystems are expected to grow and to reach unanticipated levels of complexity because of the relations among the continually expanding individual components. The ecosystems cannot be fully defined a priori, but rather emerge from the interactions among the components, as well as with the environment. Therefore, the design of the ecosystems cannot be based on the traditional topdown systems engineering approach. Rather, a bottom-up emergent engineering approach is used, in which the components are designed and the interactions are engineered to enable the system to change and expand as needed. Specifically, the ecosystems would serve as platforms for developing new interdisciplinary fields and applications enabled by these fields, as well as for expanding the scope of current interdisciplinary fields. As an example of applications of a new interdisciplinary field, cyber engineering for future smart vehicles, will require integration of novel electronic devices and sensors with communication networks and mechanical components. In addition, the ecosystems will also provide knowledge-rich, immersive environments for integrating engineering practice with learning, training, and workforce development needed for complex systems. The envisioned ecosystems shares the overall goal of the recent "Cyberinfrastructure Framework for 21 st century Science and Engineering (CIF21)" project of transforming science and engineering education. However, they go further by emphasizing, as one of the primary goals, facilitating transformative interdisciplinary T-shaped learning and workforce development, as well as by incorporating collective intelligence facilities, and novel technologies to facilitate crowd sourcing. T-shaped learning refers to having deep knowledge of, and expertise in, one, or few fields (stem of the T), and broad knowledge of, and interest in, other related fields, symbolized by the top part of the T (see for example [31, 34] ). This can be enhanced by having a hierarchical ecosystem organization. The ecosystems will exploit some of the technologies and techniques to be developed from the new US federal efforts CIF21 and Big Data projects, as well as the experience gained from some of the currently available collaboration platforms, such as the NSF Cyberinfrastructure (see for example: [11] ), the nanoHUB -a Multiuniversity network for interactive collaboration in Nano Science and Technology, and its successors, HUBzero and the Indiana Clinical and Translational Sciences Institute (CTSI) Hub. HUBzero allows individuals to create web sites that connect a community in scientific research and educational activities (see: [32] ). It uses nanoHub software and combines Web 2.0 concepts with middleware that provides access to interactive simulation tools, including access to TeraGrid (an e-Science grid computing infrastructure combining resources at eleven partner sites). Some of the key components of the ecosystems, which are not currently available in the NSF-supported cyberinfrastructure, are intelligent knowledge customization, advanced information visualization facilities, visual simulation tools, blended immersive physical/virtual worlds facilities with 3-D stereo capability, telepresence and cognitive robots, and advanced multimodal interaction with the digital environment (see Figure 3 ). These are described subsequently.
The Knowledge Customization and Exploitation (KCE) facilities should provide the right knowledge for the right purpose at the right time. They should incorporate intelligent question-answering systems that go beyond the capabilities of the current search engines to provide answers to technical questions, in an intuitive manner, using the available digital information. These should leverage the real-time information analytics, and computational knowledge technologies developed by the research teams at IBM and Wolfram Research for the IBM Watson project, and the computing search engine, Wolfram Alpha. In addition, the KCE should include automatic summarization facilities, and recommender systems for providing personalized information and expert advice. Blended Physical/Virtual world facilities, incorporating the latest 3-D stereo, augmented/enhanced reality technologies to facilitate distributed collaboration, and to provide interactive multisensory experience with visual simulations of complex systems (see Figure 4 ). Integrating pedagogically based multiagent systems with 3D virtual worlds can provide engaging immersive learning environment.
Novel forms of interaction with the ecosystem should be provided including, smart mobile and wearable devices, brain-based and neural interfaces (see Figure 5 ), bioinspired (e.g., haptic), and multimodal interfaces. Adaptive interfaces can transform the selected raw data into visual contents, and adapt them to the user interface. In addition, interfaces using voice or gesture, and media-rich communication tools should also be available for the users of the ecosystems.
Cognitive and Telepresence robots. Cognitive robots will have high-level reasoning, planning, and decision making capabilities. Telepresence robots are mobile robot platforms capable of providing two way audio and video communication. Among other uses, they can provide a feeling of social presence in the ecosystems. The ecosystems would amplify human cognitive and perceptual capabilities, facilitate the development of T-shaped skills, and enable the engineering workforce to perform increasingly complex and imaginative tasks of synthesis and creativity. Engineers can be working with experts in artificial intelligence, and other technology teams, on transforming many of the current products, industries and practices into complex adaptive systems.
Future opportunities
Future opportunities that can result from the new interdisciplinary fields, and the dynamic collaboration enabled by the ecosystems, include:
• Intelligent and autonomous vehicles (including, driverless cars, buses, trains and air vehicles with intelligence rivaling people who co-operate with them, see Figure 6 ).
• Intelligent factories achieving maximum benefits of both mass production and custom design through systemization of converging technologies and improvement of human technology interaction (including broadband brain-based interfaces).
• Cognitive machines -resulting from the convergence of biological and physical intelligence. These ma- chines will be endowed with autonomous knowledge acquisition capabilities and an automated reasoning mechanism allowing them to make high level decisions and respond adequately to previously unseen situations while being aware of its own existence and abilities (self-awareness) in achieving a particular goal. The machines can also alert the human minders when repair is needed, before equipment failure occurs.
• 3D telepresence using 3D miniaturized holographic cameras that fit into small mobile devices. This will enable the interaction with objects and people in entirely new ways (e.g., beaming up persons in 3D).
• Assistive technologies that overcome disabilities (such as blindness, deafness and immobility), and virtual assistants that teach humans new skills, when needed.
• Digital textbots (instead of digital textbooks) -3D virtual assistants providing live interaction, and answering questions.
Concluding Remarks
The next decade will witness disruptive advances and new paradigms in engineering and science brought by the rapid pace of convergence of several leading edge technologies, devices and disciplines, along with the emergence of hierarchical (multi-level) convergence paradigms. For example, the IBM Watson computer project team enabled the system to emulate humans, and to answer questions posed in natural language, in real time, through the convergence of multicore processors, cluster computing, and sophisticated computer management software. Going to the next level, convergence of the data mining, advanced analytics, and other technologies used in the IBM Watson computer; with the Microsoft Natural User Interfaces (e.g., Kinect used for controlling avatars by moving around without special suits or elaborate sensors); and the Nintendo 3DS gaming device (for providing an autostereoscopic display by beaming a 3D image to the naked eye) can enable immersive 3D virtual meetings with avatars of participants programmed to customize information, and make better impressions than the humans could.
New interdisciplinary fields, and new paradigms for engineering practice, will emerge in the coming intelligence/convergence era (post-information age). The emerging interdisciplinary fields include Cyber Engineering, Living Systems Engineering, Biomechatronics/Robotics Engineering, Knowledge Engineering, Emergent/Complexity Engineering, and Multiscale Systems engineering. A holistic perspective and a comprehensive strategy are needed to accelerate the development of new interdisciplinary fields and to put engineering activities on an ambitious trajectory that pushes the frontiers of innovation, discovery and economic development. A step towards implementation of that strategy is the development of Hierarchical Intelligent Cyber-Physical Ecosystems. The ecosystems will enable collaboration between engineering, applied, life and other science researchers on a much larger scale than has been done before. They will facilitate the T-shaped training of the engineers and scientists that intelligently integrate the disciplines, and create a culture of innovations (co-evolution between converging technologies and learning activities).
The new interdisciplinary fields and the ecosystems will yield critical advances in engineering practice, and help in addressing future challenges in broad array of sectors, from manufacturing to transportation, energy, climate, and healthcare. They will enable building large future complex adaptive systems-of-systems, such as intelligent multimodal transportation systems, optimized multi-energy systems, intelligent disaster prevention systems, and smart cities. The major components of the ecosystems are outlined in the paper.
Appendix A: Working beyond a single discipline
In working across disciplines, beyond a single discipline, the following four categories of activities can be identified (see [33] :
• Interdisciplinary -seamless integration (convergence) of two disciplines into a single discipline, or integration of concepts from different disciplines resulting in a synthesized or co-ordinated coherent whole. It is marked by synthesis of disciplinary knowledge and methods to provide a more holistic understanding.
• Multidisciplinary -knowledge associated with more than one discipline (non-integrative mixture of disciplines, in that each discipline retains its methodologies and assumptions, without change).
• Transdisciplinary -holistic approaches transcending boundaries of traditional disciplines.
• Cross-disciplinary -coordinated effort involving more than one disciplines -explaining aspects of one discipline in terms of another.
